Abstract -A protocol for micropropagation from isolated cotyledons from Pinus pinea L. has been developed. Major improvements are the increase in rooting rates and the description for the first time of a successful continuous multiplication procedure. For bud induction, isolated cotyledons were cultured on 1 /2 LP with 44.4 µM BA during 4 days. Shoot development was obtained by transfer to 1 /2 LP hormone-free medium with activated charcoal. Since an additional 20 weeks were required for shoot elongation and rooting, at least 70 plantlets can be expected per seed after 29 weeks based on a 70% success rate. Besides, shoots can be micropropagated successively by subculturing on 1 /2 LPC. conifère / micropropagation / organogenèse / enracinement / culture de tissus
INTRODUCTION
Stone pine (Pinus pinea L.) is an economically important tree in the Mediterranean area, with an important role in soil conservation, landscape architecture, and is highly regarded for its edible seeds. This makes many aspects of its management similar to an agronomic tree. The existence of a wide potential for improvement and the great economic value of the pine nuts gives good reasons for genetic breeding programs. These programs are based on the identification of excellent genotypes by establishing clonal banks with different provenances. The heritability of seed characters such as length, number per cone and cone weight is high [14] . Hence an improvement in the quantity and quality of seed production per tree is one of the main objectives of the developing programmes in this area. Unfortunately the stone pine pruning possibilities are very limited, as this species does not root as cutting (Luis Gil, personal communication). Grafting is the preferred method to propagate and evaluate genetically indi-vidual clones. The conventional techniques of asexual propagation present problems for obtaining the best results. In addition, an identical clone implanted on different rootstocks presents an interaction scion-rootstock that leads to certain variability in the results and different productivities (Luis Gil, personal communication). This problem implies finding not only the best scion, but also, the most appropriate rootstock. The limitations of this optimal rootstock present the inconvenience in propagation of certain genotypes already in mature state. Recently, the development of a micrografting protocol could improve the current situation of P. pinea breeding programs by reducing its costs and allowing a rapid build-up of plantations for genotype selection trials [5] .
In vitro culture offers the possibility to propagate Pinus pinea L. on a large scale, which is difficult by other traditional procedures such as rooting from selected pines. The production of clonal plants from selected seeds of this coniferous species via organogenesis has been thoroughly studied [4, 6, 7, 14, 18] . The propagation system is based on the induction of shoot buds in cotyledonary explants dissected from stone pine embryos and cultured in the presence of a cytokinin (Ck), usually N 6 -benzyladenine (BA). On the contrary to what has been reported for other pines [9] , the presence of auxins in the caulogenic induction media does not improve the efficiency of the organogenic response in stone pine cotyledons [18] . Adventitious bud formation is direct and dependent on the exposure time and concentration of BA in the medium [13] . Age and tissue differentiation of P. pinea explants are other determining factors, as shown by the inverse relationship between germination time of the embryos and the shoot-forming ability of their excised cotyledons [19] . Nevertheless, various aspects of the system could be improved, among which a reduction in bud induction period would be particularly beneficial [13] . Moreover, the continuous multiplication had not been established and the rooting process required additional experimentation. Although clonal propagation of stone pine via adventitious bud stimulation from cotyledons was obtained, the very low efficiency of the rooting process [4, 7, 18] remained the bottleneck of stone pine micropropagation, reducing the possibilities of applying this technique on a usable scale. In this paper, we present an improved plant regeneration method of P. pinea that reduces the bud induction time, dramatically increases the rooting rate and for the first time shows a successfully proliferation procedure. After removal of the seed coat, megagametophytes were surface sterilized by immersion in 7.5% H 2 O 2 for 45 min, followed by three rinses in sterile double-distilled water. Megagametophytes were then imbibed in moistened sterile paper for 48 h at 4
MATERIAL AND METHODS

Explant source and culture conditions
• C in darkness to facilitate dissection of the embryos.
Plant cultures were maintained in a growth chamber at 25 ± 1
• C with a 16-h photoperiod under a photosynthetic photon flux of 80 ± 5 µmol m −2 s −1 provided by cool white fluorescent tubes (TLD 58 W/33, Philips, France), except where indicated.
Bud induction and growth
After the above mentioned imbibition period, cotyledons (an average of 10 per seed, Fig. 2A [8] . Before autoclaving, the pH of all media was adjusted to 5.8. The explants were subcultured monthly onto the same fresh bud growth medium ( 1 / 2 LPC). After two subcultures (60 d) on 1 / 2 LPC, the percentage of cotyledons forming buds (CFB), number of buds per cotyledons, bud forming capacity index (BFC = [% cotyledons forming buds × average number buds per cotyledon]/100) and the shoot elongation capacity (SEC = [number shoots > 10 mm/total number shoots per explant] × 100) were calculated for all bud induction treatments according to Lopez et al. [9] .
Shoot development and axillary bud multiplication
For bud induction, the cotyledons were induced in bud induction medium consisting on 1 / 2 LP with 44.4 µM BA according to Moncaleán et al. [13] . The influence of BA exposure time (2, 4, 8, 16 and 35 d) of cotyledons (named C2, C4, C8, C16 and C35) was studied. After two monthly subcultures on 1 / 2 LPC medium for shoot development from induced buds, the shoots (named S2, S4 and S8 from C2, C4 and C8 cotyledons) were separated from the cotyledonary explants and elongated by sequential subculturing on shoot growth medium in baby jars 
Rooting shoots and acclimatization of plants
For rooting, elongated microshoots (> 10 mm) grown on 1 / 2 LPC were transferred to culture tubes with rooting medium LP supplemented with 10 µM naphtalen acetic acid (NAA), 20 g L −1 glucose and 0.8% (w/v) of Roko-Agar according to Amely Zavattieri (personal communication). This induction phase of adventitious root formation took place one week in the dark at 19
• C and another one with 16-h photoperiod under a photosynthetic photon flux of 100 ± 5 µmol m −2 s −1 at the same temperature. After 2 wk, treated shoots were transferred to expression media LP with 10 g L −1 glucose but without regulators and were maintained in a growth chamber at 21 ± 1
• C with the mentioned light conditions. Various macroelements strengths (1, 1 /2 or 1 /4) in rooting and expression media were assayed. The percentage of survival, rooted shoots and the number of roots per shoot were recorded after 45 d on expression media.
After six weeks of culturing on expression medium, rooted shoots with 10 mm or longer roots were transferred to a sterile peat-perlite 1:4 (v/v) mixture and grown under high relative humidity (95%) in a green house. After about 2 wk, the plants could be transferred to normal humidity conditions.
Data analysis
A completely randomized experimental design was applied and experiments were repeated at least three times. At least 30 explants (cotyledons or shoots) per treatment were used. Data are presented as mean ± standard error (SE). The statistical analysis of frequencies (e.g. % cotyledons forming buds) were usually carried out with the χ 2 test, except where indicated. Quantitative data (e.g. number of buds per cotyledon) were analyzed by non parametric tests. The Kruskall-Wallis test for n independent group analyses was used, and the Mann-Whitney test for two independent group analyses. Differences were considered significant at the 5% level. All statistical tests were performed with STATISTICA software.
RESULTS AND DISCUSSION
Bud induction
In order to study the correlation between cytokinin types and quantitative aspects of development, different cytokinins and concentrations were studied (Fig. 1) . After 35 d of culture on bud induction medium, cotyledons were subcultured two times on growth-regulator free medium with activated charcoal ( 1 / 2 LPC) for bud growth. The induction of adventitious shoots on the cotyledons required the presence of cytokinin in the culture medium. Except for iPR and RZ, the other assayed cytokinins induced bud formation in cotyledons. The highest percentage (100%) of cotyledons forming buds and the highest mean number of buds per cotyledon (data not shown) were obtained in BA treated cotyledons. The minimum concentration of assayed cytokinins (0.4 µM) necessary to induce buds (CFB) was observed for BA and 9R-BA. Using m-T no morphogenic response was obtained at the low concentrations (0.4 and 1 µM) and it was necessary to apply ≥ 4.4 µM in order to obtain bud induction. Both in iP and Z -treated cotyledons 10 µM and higher were needed to obtain a response.
BA and its riboside were the most efficient of the cytokinins assayed. In stone pine cotyledons, the effect of BA concentration and length of exposure on bud induction was already analysed by our group [12, 13, 19] but the influence of these in the later shoot development was not studied previously. Bud induction was obtained when 1 / 2 LP with 44.4 µM BA was applied during various induction periods and consequently, this media was used as the bud induction medium (Tab. I). Significant differences in the CFB, BFC, survival percentage and When the induction period was reduced to 8 or 4 d, CFB was not affected but a significantly decrease in the number of buds was observed. Among the exposure times examined, shoot development at the end of two subcultures on 1 / 2 LPC was the greatest when the cotyledons were exposed to BA for 4 or 8 d.
Explants cultured 35 or 16 d in presence of BA showed the formation of nodular primordia on the entire surface of cotyledons in contact with the medium, although shoot organogenesis was higher on the basal segment of the cotyledons for all treatments. However, few of these primordia developed into buds and shoots after transferring to 1 / 2 LPC. This was presumably due to the proximity and competition among primordia. Buds were located along entire length of 4 and 8 d treated cotyledons (Fig. 2B) . The lowest exposure time (2 d) caused a redistribution of induced buds to the basal zone. Our data support the observations of Valdés et al. [19] and Sul and Korban [18] . Valdés et al. [19] suggested that a decrease of endogenous cytokinins levels may be involved in loss of shootforming ability in the apical portions of stone pine cotyledons. On the contrary, other studies in pines such as P. nigra [9] or P. ayacahuite [16] , described the apical area of cotyledons as more organogenic. In general, like in other pines [9, 16] , adventitious bud induction on excised cotyledons from stone pine ungerminated embryos was strongly influenced by the length of the exposure to growth regulators. Although the number of buds formed in each cotyledon was lower in explants incubated for 4 or 8 d in 44.4 µM BA than in explants cultured for 16 and 35 d, the minimum induction period to obtain an optimal percentage, number of shoots per cotyledon and highest survival index was 4 or 8 d. These shorter periods are preferred because not only do they reduce the induction culture period, but also avoid callus formation and development of hyperhydric shoots, as was also observed in P. nigra [9] and P. ayacahuite [16] . In addition, a short bud induction period could lead to a higher rooting capacity as a result of a minor BA inhibitory influence in the rooting process. Following this protocol, an average of 100 shoots can be obtained per seed after 9 wk in culture.
Shoot development and axillary bud multiplication
The multiplication phase, carried out with shoots separated from the cotyledonary explants and elongated by sequential subculturing on shoot growth medium, led to production of axillary shoots which were excised and subcultured. Shoot explants (S2) from C2 cotyledons showed the lowest survival percentage (48.32%), multiplication rate (1.4 ± 0.065) and SEC (9.52) after 45 d on 1 / 2 LPC and were discarded. After two subculture cycles (90 d), the survival percentage and multiplication rate were not significantly different between S4 and S8 shoots. On the contrary the SEC increase significantly in the second subculture of S4 shoots.
When BA and IBA were applied in shoot growth medium (Tab. II), the elongation index (SEC) was significantly lower than on 1 / 2 LPC (81.5) and the multiplication rate was not significantly increased (2.0 ± 0.11). García-Ferriz et al. [6] describes this behaviour in P. pinea shoots when BA is applied in shoot development and multiplication stages, besides reporting the appearance of hyperhydric shoots. However, they did not observe any significant increase in the SEC index when shoots are cultured with activated charcoal. In our assay, although it could be influenced by the short BA induction period applied, the use of activated charcoal increases shoot development significantly during the elongation and multiplication stages (Tab. II). In fact, shoot elongation and multiplication rates were accelerated by subculturing successively on 1 / 2 LPC medium. An average of 4.64 ± 0.85 axillary shoots and a 97.4 percentage of shoots higher than 10 mm were obtained after 4 subcultures (26 wk) on 1 / 2 LPC (Fig. 2C ). In addition, plagiotropic growth was never observed.
The development of nodular tissue (formed during bud induction) into shoots with primary needles was promoted by transferring cotyledonary explants to hormone free medium, as described previously for other pines such as P. canariensis [10] . Although its mechanism of action remains unclear, the cytokinin adsorption capacity of activated charcoal is well known, besides adsorbing other compounds like polyphenols, inorganic cations (Cu + , Zn + ) or 5-hydroxymethyl furfural (inhibitory compound released from sucrose autoclaving) that inhibit shoot development [20, 21] , and specifically P. pinea rooting [2] .
Rooting shoots
The data showed that the macro-salts dilutions both in induction and expression phase affected significantly the rhizogenic efficiency (Tab. III). Up to 68% of ryzogenesis was achieved when shoots were cultured on 1 / 2 LP during root induction and expression. Roots appeared after 3−6 wk under these conditions (Fig. 2D) . In all treatments, the roots obtained (1−3) were morphological normal. These data greatly improve the rhizogenesis efficiency, when compared to Capuana and Giannini [4] , Gonzalez et al. [7] and Sul and Korban [18] which showed low levels (35, 15 and 15%, respectively).
Because an additional 20 wk were required for shoot elongation and rooting, based on a 70% rooting success rate, at least 70 plantlets can be expected per seed after 29 wk. Besides, shoots can be micropropagated successively by subculturing on 1 / 2 LPC.
Low levels of macronutrients in medium are beneficial for root formation in many plants. In general, it has been reported that the reduction of salts, particularly nitrogen, in the culture media seems to favour the adventitious rooting of cuttings [11, 15] . Sriskandarajah et al. [17] reports that a reduction on the level of NH 4 NO 3 in the MS culture media from full strength to 1 / 4 strength significantly increases the percentage rooting in several scion apple cultivars. Our results point that way but we obtain less rooting when the macronutrients strength was 1 / 4 . This phenomenon could be explained because LP levels of nitrogen are much lower than those present in MS and dilutions higher than 1 / 2 would represent very low levels of nitrogen for P. pinea shoots to be rooted. In general, we showed that the macrosalts strength of culture medium affect significantly the rooting efficiency of stone pine microshoots and must be optimized. For acclimatization experiments at least 100 microplants were transferred to a sterile peat-perlite (1:4 v/v) mixture and grown under decreasing initially high relative humidity allowing its transfer to normal conditions two weeks later. Survival of microplants after two months in the nursery reached 98%. No plagiotropic growth was observed and the plants showed a well developed root system capable of sustaining further shoot outgrowth (Fig. 2E) . Our level of acclimatization is markedly higher than the only previous data reported by Capuana and Giannini [4] which showed a discrete level of survival (60%).
The protocol presented here allows and greatly improves the method for plant regeneration in stone pine, when compared to Capuana and Giannini [4] Gonzalez et al. [7] and Sul and Korban [18] . This protocol is being applied successfully to produce and provide stone pine clonal plants obtained from selected seeds to the Programa de Mejora Genética del pino piñonero de Castilla y León (Spain).
